ABSTRACT One potential biochemical adaptation to mixed feeding habits, or zoophytophagy, is enzyme induction/enzyme repression. We investigated the potential of the highly polyphagous mirid Lygus hesperus Knight to increase its production of the specialized proteolytic enzyme, elastase (E. C. 3. 4. 31.36). Efforts to induce elastase production were made by feeding L. hesperus on an artiÞcial diet spiked with elastin. Short-term (less than one generation) and long-term (three generations) tests were conducted to determine the effect of acute versus chronic exposure to elastin, a protein that may be present in extra cellular matrix of prey. Elastase activity was much greater in the salivary gland complex (SGC) of individuals fed elastin-containing diet than it was in those fed the control diet. The elevated elastase activity in the elastin treatment group indicated the inducibility of this proteolytic enzyme, especially in the SGC. The results also indicated that the SGC, rather than the gut, is the principal site of elastase production.
ALTHOUGH THE HETEROPTERA is not the largest suborder of insects, feeding habits in this group are among the most diverse in the Insecta and Animalia in general. Certain features of the heteropteran digestive system are responsible for the remarkable success in using a broad range of foods (Goodchild 1966) . Although some members of this suborder are specialized for strict phytophagy, zoophagy, or hematophagy, a large number of species from various families are well suited to a combination of phytophagous and zoophagous habits, referred to as zoophytophagy (Alomar and Albajes 1996) . As used here, zoophytophagy includes facultative zoophagy by a predominantly phytophagous organism or vice versa. Although the feeding mechanism found in the Heteroptera helps explain the success of this group, the nature of the feeding apparatus is not thoroughly understood (Cohen 1998 (Cohen , 2000a . In fact, Cohen (1995 Cohen ( , 1998 Cohen ( , 2000a has argued that the feeding apparatus of the Heteroptera is one of the most complex and efÞcient in the Insecta and perhaps the entire animal kingdom, yet probably less is known about this system than that of any other major suborder of the Insecta.
Heteropteran feeding uses mandibular and maxillary stylets that, as an elongated, ßexible bundle, enter the food source and pinpoint target nutrients for ingestion (Miles 1972) . The mandibular stylets have special dentition that creates a penetrating and a lacerating or rasping device that aids in mechanical disruption of food structures (Cohen 1996 (Cohen , 1998 . The paired maxillary stylets interlock throughout most of their length to form a salivary canal and a separate food canal. It is crucial to recognize that feeding in this suborder is based on extra-oral digestion and is fundamentally a macromolecular breakdown process (Cohen 1989 (Cohen , 1995 (Cohen , 1998 (Cohen , 2000a . Thus, the system is centered on salivary secretions used in solid-to-liquid feeding (Cohen 1998) . Salivary secretions are delivered to the exact places where the nutrient-rich tissues reside. The saliva contains several types of enzymes, most prominently digestive enzymes that liquefy plant or animal structures that would otherwise resist ingestion. The combined mechanical and chemical action macerates the target tissues of the plant or animal and produces a slurry containing the nutrients to be ingested via the food canal.
What is most poorly understood or appreciated about feeding in the Heteroptera is their ability to exploit so many kinds of food, often with conspeciÞcs being able to use hundreds of species of host plants while simultaneously being facultative zoophages (Cohen 1996 ). An excellent example of this type of feeding diversity is the western tarnished plant bug, Lygus hesperus Knight. This mirid is a notorious pest in diverse cropping systems (Tingey and Pillemer 1977 , Hedlund and Graham 1987 , Butts and Lamb 1991 ), yet it is also a very capable predator that attacks a wide range of insect prey (Bryan et al. 1976 and Wheeler 1976) .
This raises questions about how L. hesperus is so well suited biochemically to use such a broad range of foods. Hochachka and Somero (1984) postulated that the basic strategies of biochemical adaptation include adjustments in the quantity or functions of macromo-lecular components, especially enzymes. Thus, according to environmental pressures, an organism may alter existing enzyme quantities, produce new enzymes, or cease production of a given enzyme in response to its needs. Hochachka and SomeroÕs model accounts for such alterations as being very short-term (acute) responses or long-term (chronic) responses, including changes in the genetic basis of enzyme adaptations. In preliminary observations, elastase was found to be present in salivary glands from L. hesperus from Þeld populations, but it was not detected in a long standing laboratory population (A.C.C., unpublished data). This prompted us to hypothesize that elastase may be produced in measurable amounts only when appropriate substrates (elastin-like proteins) are present in L. hesperus food. Because elastins and elastin-like proteins are not common to all food sources, the specialized elastin digesting enzyme elastase appeared to be a good subject for testing the hypothesis that digestive enzymes are inducible in generalist feeders such as L. hesperus. Elastase would be especially advantageous to L. hesperus in their predatory mode of feeding where elastins are key components in extracellular matrix (Cohen 1998) . It may also be useful to L. hesperus when it feeds on certain plants that contain elastin-like proteins (Christeller et al. 1989 ). We tested this hypothesis by assaying elastase activity in the salivary gland complex (SGC) and guts of L. hesperus individuals reared in colonies fed diets lacking elastin (control) and others in colonies fed diets spiked with elastin. We felt that elastase was an ideal enzyme for testing the induction hypothesis for two reasons. First, elastin (the principal substrate for elastase) is difÞcult to digest and requires a speciÞc enzyme, elastase, to hydrolyze it. Second, observations of Þeld-collected L. hesperus showed relatively robust elastase activity, whereas L. hesperus reared on artiÞ-cial diet showed almost no elastase activity (Agusti and Cohen 2000 ; A.C.C., unpublished data).
Materials and Methods
Insects. The insects were from a colony that had been reared for 8 yr on Debolt diet (1982) , an artiÞcial medium lacking elastin. L. hesperus used in this study were reared on a newly developed artiÞcial diet also lacking elastin (Cohen 2000b ) at USDA-ARS, Biological Control and Mass Rearing Research Unit, Mississippi State, MS. Eggs were collected in gel packs described by Patana (1982) and placed randomly in plastic containers (31 by 20.8 by 12.8 cm) with organdy lids. After hatching, nymphs (Ϸ1,000 per container) were fed either of two artiÞcial diets: NI diet (Cohen 2000b) or NIE diet, which consisted of NI diet with 1.2% (wt:vol) elastin (E-1652, Sigma, St. Louis, MO). Three replicates per diet were established (one container was one replicate). The diets, provided in ParaÞlm packets (Debolt 1982) , were changed three times per week. Before this study, the insect colony was fed on NI diet for two generations to avoid sequence effects from the previous generation. Insects were maintained at 27ЊC Ϯ 1, 60% RH Ϯ 3, and a photoperiod of 14:10 (L:D) h. Females fed on NIE or NI diets laid their eggs in oviposition packets (Patana 1982) . To examine long-term effect of exposure to elastin, the egg packets collected from the Þrst generation were placed in the containers with NIE or NI diets for rearing the next generation, and this was continued for three generations. Voucher specimens of adults used in this study were placed in the Mississippi Entomological Museum (No. 72.4), Mississippi State University, Mississippi State, MS.
Sample Preparation. Within 2 wk of adult eclosion, adults were randomly selected from containers with NI or NIE for enzyme sample preparation. Enzyme samples were prepared by the method of Cohen (1993) with slight modiÞcations. Adults starved for 24, 36, or 48 h (postfeeding interval) were used. These periods of starvation were used in accordance with observations that it takes between 24 and 48 h after feeding for salivary reserves to become completely refurbished and for anterior midgut contents to be completely digested (Baptist 1941 , Cohen 1993 . Adults were placed in a freezer for a few minutes to anesthetize and immobilize them before they were dissected. Salivary gland complexes from these individuals were dissected under a dissecting microscope in cold phosphate buffer (pH 6.6). The SGC, including all lobes, accessory glands, and tubules, was exposed by removal of the prothorax from the abdomen with Þne forceps with application of gentle traction to remove the midguts. The SGC was separated from the insectÕs body, rinsed in a phosphate buffer, and placed in a tube homogenizer (Kontes, Vineland, NJ) with 1 ml of the same buffer. Samples consisting of SGCs or midguts pooled from 40 adults from each replicate were homogenized and centrifuged at 10,000 ϫ g for 10 min at 4ЊC, and the supernatant was transferred to a fresh, cold centrifuge tube. The homogenizer was washed with 0.2 ml of phosphate buffer and centrifuged. The supernatants were pooled and stored at Ð20ЊC for later analyses. Gut samples were prepared in the same way as described above for the SGC. The samples were collected from all generations. Protein concentrations in all samples were determined by the BCA protein assay (Pierce, Rockford, IL) using bovine serum albumin as the standard.
Enzyme Assay. Elastase activities were determined with the EnzChek elastase assay kit (E-12056, Molecular Probes, Eugene, OR) designed for use with a ßuorescence microplate reader. The substrate was DQ elastin (Molecular Probes, Inc., Eugene, OR), soluble bovine neck ligament elastin that has been labeled with BODIPY FL dye. The ßuorescence of the dyelabeled elastin was revealed upon proteolytic digestion and was proportional to enzymatic activity, and can be measured in a ßuorescence microplate reader. The assay procedure followed instructions of the EnzChek elastase assay kit. An enzyme sample (10 l) was diluted to 100 l in the 1ϫ reaction buffer from the kit, added into each well containing 50 l of elastin substrate solution and 50 l of 1ϫ reaction buffer and mixed immediately for 15 s. The assay plate was incubated 35 min at room temperature and protected from light. Then the ßuorescence intensity was measured at excitation/emission (485/530 nm) in a plate reader (SPECTRA MAX Plus, Molecular Devices, Sunnyvale, CA) equipped with standard ßuorescein Þlters. The positive control, the porcine pancreatic elastase (E-1250, Sigma), and negative control (substrate and buffer with no sample or pure enzyme) were used in the assay. The readings were corrected by subtracting the background from the negative control.
The experiment was a split-block design, one of variants of the basic split-plot design (Petersen 1985) , and data were analyzed in two parts. First, data collected from Þrst generation were used to examine elastase induction in L. hesperus. The differences in elastase activity between treatments (NIE and NI diets) and among sample times (starvation time before collecting enzyme sample) in SGCs or guts were analyzed. Second, means of elastase activities in SGC samples across three generations were analyzed to look for possible effect of chronic exposure to elastin on the elastase activity in L. hesperus. The interaction between two main factors (diets and sample times) was investigated in all analyses. Data were analyzed by multiple analysis of variance (ANOVA), and means were compared by FisherÕs protected least signiÞcant difference (FPLSD) (SAS Institute 1988) at P ϭ 0.05.
Results
All insects developed normally on both NI and NIE diets. Elastase was detected in both salivary glands and guts of L. hesperus fed on both NIE and NI diets. However, the elastase activity of the SGC samples collected from adults fed on NIE diet was signiÞcantly higher than that of the samples collected from the adults fed on NI diet. Also, the elastase activity of the SGC sample was much higher than that of the gut sample collected from the insects fed NI or NIE diet.
Elastase Activity in SGC Samples. There was no signiÞcant interaction between diet and sample time for SGC samples (Table 1) . Elastase activity in salivary glands of L. hesperus adults fed NIE diet was signiÞ-cantly higher (F ϭ 38.17; df ϭ 1, 2; P Ͻ 0.05) than that of the insects fed NI diet for data combined over all sample times. Elastase activity in salivary glands of L. hesperus adults fed NIE diet increased to 132% of the control values for enzyme samples collected from the Þrst generation (Fig. 1A) . The activity was signiÞ-cantly higher (F ϭ 519.21; df ϭ 2, 4; P Ͻ 0.05) for SGC samples collected 48 h postfeeding interval than those collected at 24 h and 36 h for data combined over both diets. Elastase activities in the salivary glands from adults at 24 and 36 h postfeeding interval were only 50 or 84% of the value from adults starved for 48 h (Fig.  1B) .
Elastase Activity in Gut Samples. The elastase activity in the guts of L. hesperus adults fed NIE diet was close to that of adults fed NI diet for data combined over all sample times ( Fig. 2A ). There were statistical differences among sample times (24, 36, and 48 h postfeeding interval for the gut samples. However, there was signiÞcant interaction between diet and sample time in gut samples (Table 2) , and for this reason, the signiÞcance of the difference among sample times has no meaning. The activity was higher for gut samples collected at 36 h postfeeding interval than those collected at 24 and 48 h for data combined over both NIE and NI diets (Fig. 2B) .
Elastase Activity in Salivary Glands Versus Guts. Elastase activity was higher in the salivary glands than that in the guts for data combined over all sampling times (Fig. 3) . The enzyme activity in the salivary glands was 402%, and 562% relative to that in the guts of L. hesperus adults fed NI and NIE diet, respectively, showing that the SGC was the principal site of elastase production.
Elastase Activity as a Function of Sequential Generations of Exposure to Elastin. No signiÞcant interaction (F ϭ 0.88; df ϭ 2, 4; P Ͼ 0.05) between diet and sample time was detected in the SGC samples over the three generations. There was no signiÞcant difference (F ϭ 4.89; df ϭ 1, 2; P Ͼ 0.05) in mean elastase activity in the SGC for data combined over all sampling times across the three generations. Also, there was no signiÞcant difference (F ϭ 3.45; df ϭ 2, 4; P Ͼ 0.05) in mean elastase activity in SGC for data combined over both NIE and NI diets across the three generations.
Discussion
The major objective of this study was to test the hypothesis that enzyme induction is one of the mechanisms that help to explain the remarkably adept polyphagous character of L. hesperus. Our data indicate that L. hesperus has considerable plasticity, apparently the result of an induction/repression system. The data from this study suggest that adjustment in enzyme production is a key to the Þtness of L. hesperus as a broadly adapted omnivore.
Previous studies of induction in insects have been concerned primarily with responses to toxins (Brattsten et al. 1984 , Yu 1984 , Wadleigh and Yu 1988 , Lee 1991 , Snyder et al. 1995 . For example, Snyder et al. (1995) reported that in Manduca sexta (L.) the activity of cytosolic enzymes, glutathione S-transferases, could be induced by feeding diets containing phenobarbital. The current study is unique in posing questions about induction of a digestive enzyme rather than a defensive enzyme.
We were concerned with the fact that the artiÞcial diet used to rear the insects in this study apparently met all protein and other nutritional requirements, and therefore the elastin would be redundant to the nutritional needs of the L. hesperus and would fail to stimulate the induction mechanism. However, this was not the case for reasons that are not evident to us. We were further concerned with the possibility that under the circumstances of this experiment induction may not be complete or might not reßect the full potential capacity of elastase production of this species. This concern prompted us to set up the tests to impose chronic exposure to the elastin substrate over three continuous generations. This is in contrast to the studies involving acute toxins, which could induce defensive proteins in hours or days (e.g., Snyder et al. 1995) . Also, we felt that studying across several generations may introduce other factors, such as additive effect or artiÞcial selection. This was why we used the data from Þrst generation only to examine elastase induction in this study. The results of the long-term exposure tests showed that there was no signiÞcant difference in mean elastase activity in SGC samples across the three generations. Further testing with other digestive enzymes (such as amylases and trypsin-like enzymes) would be valuable, though complicated by the fact that manipulation of nutrient substrates could so greatly compromise the quality of the diet that the test insects could be severely impaired.
Our data demonstrated elastase activity in both salivary glands and guts in L. hesperus. Similar results were described by Agusti and Cohen (2000) . However, our study found that elastase activity in the gut was much lower than that in the salivary glands. This result is consistent with HoriÕs (1970) Þnding that protease activities in the salivary glands exceed those of the guts of Lygus disponsi Linnavuori. The average elastase activity of the gut extracts was only 18 or 25% of that in the extracts of salivary glands for L. hesperus adults fed NIE or NI diet. Glendinning and Slansky (1995) indicated that there was a link between feeding behavior and detoxiÞcation enzymes, and possible induction of detoxiÞcation enzyme by exposure to toxic food in the fall armyworm, Spodoptera frugiperda Smith. Cloutier et al. (1999) reported that compensatory adjustment of the insect digestive protease system when Colorado potato beetle, Leptinotarsa decemlineata (Say), feeds on potato expressing oryzacystatin I. Similarly, more ␣-amylase was produced by three leafroller species, Epiphyas postvittana (Walker), Planotortrix octo (Dugdale), and Ctenopseustis obliquana (Walker), to compensate for the inhibitory effects of ␣-amylase inhibitors (Markwick et al. 1998 ). Also, the activity of glutathione S-transferases induced by feeding diets containing phenobarbital in Manduca sexta was reported by Snyder et al. (1995) . Our results of elastase induction in the Þrst generation are consistent with these Þndings, except that our work uniquely demonstrates responsiveness to food substrates rather than toxins or inhibitors.
Here we reported on the Þrst documentation of digestive enzyme induction in response to a speciÞc food component in L. hesperus or any mirid. Our data support the hypothesis that enzyme induction is an important component of zoophytophagy in L. hesperus. Demonstration of elastase induction in L. hesperus shows one aspect of this zoophytophagous miridÕs ability to respond biochemically to a broad range of foods. This raises the possibility that other enzymes might be inducible when appropriate substrates or other conditions are present. Enzyme inducibility might also explain the physiological basis for diverse feeding behavior in other generalist insects, including zoophytophagous heteropterans.
